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Highlights 
 A computer-assisted skull sex and ancestry estimation method is presented using 
EFA. 
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 A lateral skull photograph and the SkullProfiler R script are required. 
 Photographs should be taken according to the prescribed protocol. 
 Skulls are classified with ≥ 73 % accuracy when using seven reference samples. 
 The simplicity of the method facilitates field-based applications. 
 
Abstract 
Current quantitative methods for estimating ancestry and sex from skulls typically require 
substantial manual data collection and specialized recording equipment, which can limit 
analysis to the laboratory. This limitation could be addressed by establishing a faster, more 
user-friendly, and automatic data protocol as investigated in the current study using elliptical 
Fourier Analysis (EFA). Ancestry and sex were estimated using outlines acquired from 
standardized photographs of the skull in norma lateralis (left side). In this investigation, 
training samples comprised anatomical specimens from five collections: the Hamann-Todd 
Human Osteological Collection, WM Bass Donated Skeletal Collection, Robert J Terry 
Anatomical Skeletal Collection, Khon Kaen Osteological Collection, and Chiba Bone 
Collection. Groups were defined as Black American female (n=87), Black American male 
(n=109), Japanese male (n=59), Thai female (n=39), Thai male (n=47), White American 
female (n=97), and White American male (n=134). Elliptical Fourier analysis was conducted 
on partial Procrustes-aligned skull outline coordinates, before extracting principal components 
and using linear discriminant analysis for group assignment. Classification accuracy was 
determined using the 5-fold cross-validation protocol. Ancestry and sex were classified 
correctly 73 % of the time when all seven reference samples were used. When only Black and 
White Americans were retained in the reference sample with sex pooled, they were correctly 
classified 94 % of the time. Accuracy of out-of-group ancestry and sex estimation was 
evaluated using nine White American males from the Defense POW/MIA Accounting Agency 
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Laboratory. A seven-way comparison with all reference samples for estimating both ancestry 
and sex achieved 89 % (8/9) correct classifications, with one misclassification as White 
American female. These out-of-group results, along with initial training group accuracies, 
indicate that lateral skull outlines can be used to successfully estimate ancestry and sex with 
similar accuracy to other methods, and set the basis for future cross-validation testing. Further, 
the reliance on a single easy-to-take photograph and user-friendly open-source R script 
facilitates easy application and field use. The protocol is freely available from 
CRANIOFACIALidentification.com as the SkullProfiler script. 
 
Keywords: Forensic science; Biological profile; Skeletal identification; Fourier analysis; 
Linear discriminant analysis; SkullProfiler 
 
Introduction 
The human skeleton manifests features of ancestry and sex such that this morphology can be 
used for identification in forensic contexts [1-3]. Well-established quantitative methods for 
estimating these factors rely on traditional morphometrics (e.g., FORDISC 3.1 [1]) or 3D 
landmark-based geometric morphometrics (GMM; e.g., 3D-ID [4]). A limitation of these 
methods is that they typically use sparsely located landmarks. On the one hand, this may be 
useful for data reduction provided the most decisive information is retained by the selected 
landmarks. On the other hand, this data reduction risks discounting meaningful information 
between landmarks if these points are not selected in such a way that the most powerful 
information is retained. Another limitation of manual demarcation of landmarks is that they 
can be time-intensive to record/measure compared to more automated routines and/or require 
other specialized recording equipment, such as 3D digitizers. 
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It is possible to supplement basic landmarks with pseudo- and/or semi-landmark procedures 
[5, 6], but alternative outline-based GMM methods such as elliptical Fourier analysis (EFA) 
are inherently geared toward higher density sampling of continuous margins, and can also be 
applied with few constraints on feature limited boundaries (e.g., not possessing type I 
landmarks) [7, 8]. The suitability of EFA to the quantification of skeletal morphology has been 
discussed at length elsewhere [7, 9], so suffice it to briefly summarize here that these methods 
have been used for individuation [10-14], as well as to study sex and ancestry patterning of the 
skull [15-20] and infracranial elements, e.g., proximal humerus [21] and greater sciatic notch 
[22]. Accuracy of sex and ancestry classification using EFA is similar to (and sometimes better 
than) methods that employ linear measurements (see Table 1 in [7] for a summary).  
 
It is worth mentioning here that because EFA can be applied to 2D photographs, other problems 
of pre-existing landmark-based morphometric methods can largely be bypassed. For example, 
specialized and delicate recording equipment such as 3D digitizers can be difficult to 
implement in the field at the site of skeletal recovery. Consequently, standard protocols 
typically recommend employment of these methods in the laboratory (see e.g., Defense 
POW/MIA Accounting Agency (DPAA) Laboratory Manual, SOP 3.4 [23]). This is not 
problematic if the laboratory is relatively close to the field site, and indeed in many instances 
it is favorable since laboratory conditions often favor higher quality assurance with well-lit 
conditions for examinations [24]. However, laboratory examinations may not be ideal in all 
contexts, e.g., where transport of remains occurs across large distances and where early 
intervention could avoid unnecessary and large expenses of returning skeletal material at a later 
date when determined not to be of interest for identification. Intercontinental movement of 
remains for repatriating fallen military personnel is a particularly salient example of risks in 
this context. In these instances, a fast, reliable, and user-friendly quantitative field method 
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would be beneficial, especially in contexts where locals present to officials with skulls claiming 
them to hold interest group membership. Subsequently, the present study explores the use of 
lateral skull outlines obtained from photographs for ancestry and sex estimation. 
 
Murphy and Garvin [25] recently and independently undertook a separate study using cranial 
outlines in lateral, posterior, and superior views (from 3D scans) to estimate ancestry and sex 
for a Black and White American sample with EFA coefficients. Murphy and Garvin [21] 
achieved 92.4 % classification accuracy for the lateral view, approximately 22 % and 13 % 
higher than that achieved for the posterior and superior views, respectively, which separately 
sets a positive basis for the present study based on complete skull profiles from easy-to-acquire 
2D photographs. 
 
Materials and Methods 
A standardized photography protocol was developed to capture the skulls in norma lateralis, 
as detailed in Caple and Stephan [26]. The lateral skull outline includes a substantial amount 
of morphological information and good representation of all regions of the skull (e.g., both 
neurocranium and splanchnocranium) to maximize the inclusion of ancestry and sex affiliated 
characters. 
 
Skulls of known sex from documented skeletal collections that represent major populations as 
relevant to the context of identifying fallen US soldiers were used (Table 1). Exclusion criteria 
for skulls from any of these collections included trauma and pathology affecting the lateral 
profile line, as well as other attributes listed in Caple and Stephan [26]. Skulls were also 
discounted where the styloid process overlapped with the posterior ascending ramus border of 
the mandible making delineation uncertain/problematic (n=4). 
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Image Analysis 
All photographs were acquired with a scale set at a standard position (see online supplementary 
file—SkullProfiler_User_Manual). To double check the quality of the standardized 
photographs, image scales were measured for congruency across the images. Scale differences 
were calculated using Adobe® Photoshop® (Adobe, San Jose, CA) between a baseline template 
image (available at CRANIOFACIALidentification.com and online supplementary file—
SkullProfiler_Template) and twenty photographs randomly selected from each skeletal 
collection. Average differences that were greater than 1.5 % per collection cohort resulted in a 
rescaling of all photographs from that collection to the baseline (see Table 2 for a breakdown 
of differences per collection). All photographs were re-scaled from 3648 x 5472 pixels to 984 
x 1476 pixels in Adobe® Photoshop® to facilitate faster computer processing times. All 
remaining analysis was accomplished in R [27] using the custom built SkullProfiler code 
(freely available as .R file at CRANIOFACIALidentification.com; or for a .pdf record see the 
online supplementary file—SkullProfiler_v2018.0; note that the script requires the 
SkullProfiler_logo file to run, available as an online supplementary file). This SkullProfiler 
script conducts the entire analytical process described herein, from outline extraction to 
ancestry and sex estimation. 
 
SkullProfiler loads the skull photograph (.jpg), and uses the automated Conte outline extraction 
function described by Julien Claude [28] (and modified from the QuickCapture code [29]). 
This function binarizes the image at a user-set threshold. As central incisors are not always 
present on the skull (see exclusion criteria in [26] for details), a line is drawn between the 2D 
approximations of the landmarks prosthion (prp [30-32]) and infradentale (idp [30, 33]) to 
bypass tooth morphology, but still retain alveolar margin morphology (Fig. 1a). Landmark 
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notation follows [15], with the superscript “p” denoting a 2D pseudo extrapolation of a 
Bookstein type II/III landmark [5]. The styloid process is also discounted since its presence is 
highly varied due to damage, so points are placed at the intersection of the outline with the 
anterior and posterior borders of the styloid when present (Fig. 1b). The resultant outline 
coordinates comprise 1000 equally spaced semi-landmarks beginning at prp. For 
comprehensiveness, SkullProfiler analysis was also conducted with the mandible excluded 
from the outline (cranial outlines only) to provide data of useful comparison to [25] (ancestry 
and sex from 3D cranial scans) and [34] (identification from lateral view cephalograms using 
the cranial vault). Cranial outline extraction was set between prp and mastoidale (msp [30-32]) 
to avoid inclusion of inconsistently present maxillary teeth (Fig. 1c, d). 
 
Outline coordinates for the reference sample were normalized for orientation using partial 
generalized Procrustes analysis (pGPA) [35, 36]. Outline coordinates extracted from out-of-
group skull photographs were aligned relative to the mean reference sample outline using 
partial ordinary Procrustes analysis. Fourier descriptors for 40 harmonics were then extracted 
using EFA, using R functions adapted from Claude [28]—retention of additional harmonics 
had negligible improvement in shape description. To assess the influence of size on 
classification rates, the analysis was conducted both using the: 1) original size outlines; and 2) 
size-normalized equivalents. Size normalization was achieved using the harmonic normalizing 
method proposed in Kuhl and Giardina [8], where the semi-major axis of the first harmonic is 
scaled to a value of one, and all remaining coefficients adjusted accordingly. 
 
Statistical Analysis 
To develop the classification models, the subsequent process was conducted on both original 
size and size-normalized elliptical Fourier coefficients, for both skull and cranial outlines. Due 
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to the high number of variables generated using EFA with 40 harmonics (40*4=160), principal 
component (PC) analysis was conducted achieved using a covariance matrix of the coefficients 
to simplify the data and define the skeletal regions of highest variance [37]. This was 
undertaken using the base R prcomp function [27]. The number of PC scores retained for 
further analysis of original size outline data was determined with the Kaiser-Guttman stopping 
rule [38], resulting in the first 12 PCs retained for skull outlines and 10 retained for cranial 
outlines. Strong relationships were evident between size-retained PCs from PC2 onwards (note 
that PC1 mostly describes size variation) and size-normalized PCs from PC1 onwards (skull 
mean absolute Pearson correlation coefficient ± SD = 0.96 ± 0.03). Due to this, the first 11 and 
9 PCs were retained for size-normalized skull and cranial data, respectively, to maintain 
equivalency. PC scores for out-of-group cases were predicted based on the EFA coefficients 
and reference sample PC dataset. 
 
Discriminant function analysis was employed for ancestry and sex classification. The linear 
format of discriminant analysis (LDA) was used as the data met all of the applicable statistical 
assumptions [39]. LDA was conducted in R using the lda function from the MASS package 
[40]. The rate of correct group assignment was assessed using a variation of 5-fold cross-
validation (CV) [41]: the training sample that resulted in the median classification accuracy 
from the five runs was selected so that the accuracy rate represented a real value rather than a 
mean. If there was a repeated classification accuracy within the five iterations, the CV method 
was repeated until all five values were different. This was conducted on the original size skull 
outline data for each sex and ancestry group combination examined. The 5-fold CV function 
was adapted from the kfold.da function presented by Tsagris [42]. The major modification was 
to randomly partition each subgroup into the five folds separately instead of treating the entire 
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sample as one group—resulting in a more evenly spread and stable representation of each 
subgroup for each run.  
 
An alternative version of the Mahalanobis square distance (D2) statistic was proposed by van 
Vark (cited in [43]) that corrects for small sample sizes, resulting in a bias-minimized 
alternative. These sample size corrected Mahalanobis square distances (𝐷𝑐
2) were calculated to 
establish overall similarity among ancestry and sex groups using the training set from the 
median k-run. The separation of the groups using the 𝐷𝑐
2 values was tested for statistical 
significance, using Holm-Bonferroni post-hoc correction [44] for P-values to control for type 
I error. A custom R function was written to compute 𝐷𝑐
2 values based on equations reported by 
Sjøvold [43] and Nikita [45]. Classification of out-of-group cases in SkullProfiler were 
assessed using the cross-validated results, D2 values, posterior probabilities [1] and Chi-square 
typicality probabilities [1, 46]. Posterior probabilities were calculated with the LDA [40], and 
typicality probabilities were calculated using the Morpho package’s typprobClass function 
[47]. 
 
Measurement Error 
Intra-observer repeatability of the photography protocol was assessed for the primary analyst 
(JC) by photographing six authentic and seven plastic skulls twice, with over two weeks 
between photography sessions. Registration of the outline coordinates was achieved using 
partial Procrustes analysis, before conducting EFA. Inter-observer reproducibility was also 
assessed by an anthropologist (CS), independent of the primary analyst (JC). The technical 
error of measurement (TEM) and its relative equivalent (rTEM) were calculated for these error 
tests [14, 24, 48, 49]. To reduce the number of variables assessed for this part of the study, 
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amplitude values for each harmonic (of the nth order) were calculated using the four original 
elliptical Fourier coefficients (a, b, c, d) as follows [14]: 
 
 
 
Residual differences were visualized with reconstructed EFA outlines for each sample, with 
median Euclidean distances calculated for each one. These distances were converted from pixel 
units to millimeters using the scales included in the photographs. Comparison of the 
photographic scales revealed negligible size differences between intra-observer sessions (mean 
= 0.01 %; SD = 0.01 %). Similar results were obtained for all except three cases for the inter-
observer testing (mean difference = 2.45 %). 
 
Out-of-Group Validation 
Practical applicability of SkullProfiler was tested using nine DNA-identified skulls from the 
DPAA Laboratory, with analysis of both skull and cranial outlines. These skulls were all White 
American males recovered from either the Korean War or from the USS Oklahoma (see Table 
3). Each skull was assessed in a seven-group comparison, yielding a chance correct 
classification rate of 14 %. 
 
Results 
Measurement Error 
Raw TEM values for both intra- and inter-observer assessments exhibited exponentially 
decreasing trends proportionate to the harmonic number (Fig. 2a,c). For assessment of intra-
observer repeatability, ten of the lower order harmonic amplitudes (between harmonic # 1-16) 
demonstrated rTEM values below 5 %. Nine amplitudes produced rTEM values between 5-10 
2222
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%, 18 between 10-20 %, and three greater than 20 % (harmonic #26, 34, 35) (Fig. 2a). The 
average of the median Euclidean distances between the EFA reconstructed outline coordinates 
for each observation was 1.28 mm (range: 0.7-2.1 mm). The contours averaged across all 
samples for each observation are presented in Figure 2b. For inter-observer reproducibility 
testing, 14 amplitudes demonstrated rTEM values below 10 %, 14 between 10-20 %, and 11 
greater than 20 % (Fig. 2c). The average of the median Euclidean distances between the EFA 
outline coordinates for each observation was 2.7 mm (range: 1.3-5.4 mm). Mean contours for 
each sample is depicted in Figure 2d to illustrate the negligible shape/size difference between 
repeat captures. 
 
Regarding the measurement error metrics it must be noted that EFA is by its very nature a 
global descriptor such that error in elliptical Fourier coefficients concerns variation between 
images dispersed throughout the entire contour. Error is therefore measured across the entire 
contour, even if it is not distributed as such, often resulting in seemingly high rTEM values 
compared to traditionally employed standards (c.f., 5 % for traditional anthropometry [49, 50]). 
One should not be misled by the higher rTEM values on elliptical Fourier coefficients that are 
frequently reported in the literature [14, 51], since plots of the error margin indicate that 
differences are miniscule and thereby with a negligible impact on shape (Fig. 2). 
 
Ancestry 
Shape information captured in the lateral skull outlines is mostly consistent with characteristics 
previously reported as being useful for ancestry estimation [2, 52-59]. Differences in the skull 
outline shape due to ancestry are portrayed for males and females in Figure 3. For both sexes, 
alveolar prognathism is evident in all ancestry groups except for White American skulls, which 
in turn exhibit a relatively prominent mental eminence. White American males and females 
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also display intermediate cranial shape, with Thai outlines exhibiting the shortest cranial length 
and tallest cranial height, and the opposite demonstrated in Black American skull outlines. 
Outlines from Black American samples also display a more posteriorly protruding mandibular 
ramus, likely due to greater ramus breadth as also evident in the average morphotypes [26]. 
The Japanese male cranial vault outline is more similar to the White American male than the 
Thai male (Fig. 3). Further, the lower mandibular border is similar among ancestry groups, 
contrasting with Rhine’s reports [59], yet consistent with observations based on more 
comprehensive samples [26, 60, 61]. 
 
Sex 
The average outlines exhibit all the main features of traditionally described sexually dimorphic 
traits [2, 16, 26, 31, 54, 55, 58, 62]. As anticipated, the major difference is overall size, with 
female skull outlines being smaller than their male counterparts for all ancestry groups (Fig. 
4a, c, e). When size information is removed, the subtle shape differences are still observed, 
with the mid-facial region in females displaced relatively inferiorly and paired with a relatively 
larger cranial vault and less protruding mandibular angle (Fig. 4b, d, f). The subtlety of the 
latter trait could be indicative of a large range of overlap between sexes, as observed by Oettlé 
and colleagues [63]. White American females also display a relatively vertical frontal slope 
when compared to White American males. 
 
Classification – Skull 
For outlines with size information retained, skulls were correctly classified 73 % of the time 
when all seven groups were analyzed. This is far greater than would be expected due to chance 
(100/7 = 14 %; see Table 4). Distances between all groups were statistically significant 
(p<0.01; Table 5). A high number of Black male skulls misclassified as Japanese male, which 
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is supported by a small 𝐷𝑐
2 value. While average global morphology of Japanese males appears 
more similar to White males, the splanchnocranium morphology is more similar to Black 
American males (Fig. 3). The lowest levels of sexual dimorphism were observed for Thai 
skulls, with a 𝐷𝑐
2 value of only 2.54, contrasting with a value almost twice as large for White 
American skulls. 
 
 
Performance of the EFA method was compared with similar analysis conducted in the popular 
ancestry and sex estimation capability FORDISC 3.1 [1]. A four-way comparison of Black and 
White American females and males using EFA resulted in an overall classification accuracy of 
78 % (Table 6). These results indicate presence of a sex bias, with greater classification 
accuracy achieved for females. Comparison of the same group labels in FORDISC (online 
supplementary file—FORDISC_Output) using 14 measurements visible in norma lateralis 
(Table S1) classifies correctly 66-80 % of cases (overall = 74 %) using leave-one-out CV (see 
Table S2 for breakdown). While skull outline data performed better in this instance (67-89 %; 
overall = 78 %; Table 4), the small sample sizes and limited selection of measurements for the 
FORDISC data do not represent an optimized analysis. Comparison was also made to an 
optimized FORDISC run, by initially selecting all variables and conducting Forward Wilks 
stepwise selection, resulting in the retention of eight variables (Table S1). The stepwise 
analysis achieved 70-84 % accuracy (overall = 79 %; Table S3), producing similar accuracy 
results to the outline EFA data of the current study. 
Classification of Black and White Americans with pooled sex achieved an overall accuracy 
rate of 94 %, with Black Americans classifying better than White Americans (Table 7). Sex 
estimation for Black and White American groups resulted in slightly lower accuracy at 81-88 
%, with a slight bias towards females (Table 7). 
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Classification – Cranium 
Analysis of cranial outlines with size information retained results in an overall correct 
classification accuracy of 73 % (Table 8), the same overall accuracy as that achieved with the 
mandible retained. There was a moderate decrease (~5 %) in classification accuracy for Black 
American females and White American males. A marked reduction (13 %) in percent correct 
classification also occurred for Thai females, although this was caused by a single additional 
misclassification with a small test sample size. Despite this decrease in accuracy, 𝐷𝑐
2 values 
increased slightly between Thai females and all other groups except for White American 
females (Table 9). Thai females and males also each had a misclassification into White 
American female and male groups using crania only, which contrasts with no incorrect ancestry 
classifications observed for skull data (with the exception of one Thai male misclassified as 
Japanese male). Distances decreased between Japanese males and all groups (apart from Thai 
females), though for the most part this did not affect classification rates. 
 
 
Size Normalization 
Loss of size information resulted in a decrease in overall classification accuracy of 13 % and 
11 % for skull and cranial outlines, respectively, mostly due to erroneous sex determination. 
The trend in these results was anticipated, with size being a useful characteristic for both 
ancestry and sex—though primarily for sex estimation as the extended pubertal growth spurt 
in males can cause a 5-9 % size increase in the skull [3, 16, 64-68]. Due to the decreased 
accuracy, the SkullProfiler capability currently conducts analysis using size-retained data only. 
 
Out-of-Group Validation 
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To assess the practical applicability of the SkullProfiler protocol, a seven-way comparison of 
the DPAA sample with all groups retained for ancestry and sex estimation was performed. 
Eight of the nine skulls (89 %) correctly classified as White American male, with one 
misclassification as White American female (Table 10). Though the posterior probability for 
the misclassified skull strongly supports classification as White American female (>0.9), a 
relatively low typicality probability indicates that morphology of this skull is unusual for the 
White American female group. Figure 5 depicts the scores for the first two discriminant 
functions for the DPAA sample, predicted using the discriminant loading calculated based on 
the median 5-fold run. 
 
Ancestry and sex estimation for the DPAA sample using cranial outlines alone similarly 
resulted in 89 % accuracy, with a different individual to that with the skull data misclassifying 
as White American female (Table 11; Fig. 6). There was no consistent increase or decrease of 
the posterior probability for the cranial analysis compared to the full-skull outline analysis (cf. 
Tables 10 and 11). All cases with marked differences possess mastoid processes that project 
beyond the perimeter of the cranial base profile, and did not gain information in the mastoid 
region by extracting the cranial outline. Changes in group relationships therefore appear to be 
largely attributable to the exclusion of the mandible in the cranial outlines. 
Discussion 
The training and test data of this study indicate that lateral skull and cranial outlines with size 
information retained can successfully be used to estimate ancestry and sex (with high  accuracy 
levels compared to other methods). Higher cross-validated accuracy rates for estimating 
ancestral affiliation compared with sex indicate that more distinguishing information is 
captured in the outline for the former, as has been repeatedly confirmed in other studies (e.g., 
[2, 69]). 
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Shape differences in the mandible are documented as being useful for both ancestry and sex 
estimation [60, 70-72]. A slight decrease in distances among samples grouped by ancestry and 
sex was observed. It was unexpected that these differences did not result in a noticeable 
decrease in classification accuracy from skull outlines to cranial outlines. However, Hanihara 
[73] similarly found that classification accuracy dropped slightly when mandibular 
measurements were removed from analysis (86-90 % with five skull measurements versus 83-
86 % without the mandible). The only exceptions to decreases in among group distances were 
for Thai females, which increased with all other samples except for White American females 
(Table 9). Removal of the mandible outline is not the only difference between the skull and 
cranial outlines however, as information is also gained on the mastoid process for the cranial 
outlines—a trait that has repeatedly demonstrated its value in sex estimation [55, 74-76]. It is 
also feasible that, whilst there are demonstrated shape differences in an isolated mandible, 
articulation with the cranium could possibly also result in the introduction of a small amount 
of noise. It is plausible though that different occlusal positions and patterns of tooth wear may 
mask some of the demonstrated ancestry and sex differences of the mandible. Noise is unlikely 
introduced by the dental wax spacer used for approximating the temporomandibular disc, 
however, as this was positioned in a consistent manner. The DPAA validation test results find 
similar performance of full-skull outlines and cranial outlines (cf. Tables 10 and 11). 
 
Despite the mixed results, the high classification rates are evidence that lateral cranial profiles 
capture sufficient morphological information pertaining to ancestry and sex differentiation. 
Inclusion of data from skull outlines captured from other viewpoints (e.g., anterior, inferior, or 
superior) would likely not provide large enough increases in accuracy to justify the added 
processing time and potential introduction of additional measurement error. 
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Indeed, the cranial outline study by Murphy and Garvin [25] achieved the highest accuracies 
from lateral view outlines (in contrast to cranial views), confirming suspicions here that lateral 
views are good candidates for ancestry and sex analysis. Murphy and Garvin [21] identified 
the potential utility of lateral contour data being developed into a semi-automated method 
mirroring the intent of FORDISC, a separate and independent undertaking achieved in this 
study using lateral photographs rather than 3D scans. Here it should be noted that contrary to 
Murphy and Garvin’s [21] statements, size can either be retained or not in EFA but the decision 
comes down to flexibility of the program used. Murphy and Garvin’s software selection 
(SHAPE [77]) prevented retention of size components as the program does not provide this 
choice functionality. Murphy and Garvin used stepwise discriminant analysis with leave-one-
out CV and achieved an overall correct classification rate of 67 % (62-77 %) for a four-way 
comparison of Black and White American females and males without size information 
retained. This is slightly lower than that obtained using cranial outlines from the current study, 
producing an overall accuracy of 73 %, though the range in the current study is greater as it 
spans from 54 % for White American males to 94 % for Black American females. 
 
The high accuracies from both the current study and that by Murphy and Garvin [25] also point 
to cranial outlines holding sufficient variation to enable adequate individuation. Maxwell and 
Ross [34] concluded from radiographs that the vault outline alone (no facial skeleton included) 
did not capture enough information to be used successfully as a tool to aid individuation; 
however, inclusion of the outline of the facial skeleton, as well as retention of size information, 
may be sufficient to boost identification capabilities. This would be a worthwhile consideration 
for future investigations. 
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Figure 1: Outline extraction process: a) skull image depicting points with lines drawn between 
for removal of the teeth and styloid process; b) binarized image with dashed outline; c) skull 
image depicting points with line drawn between for mandible exclusion; and d) binarized 
image with dashed outline. Arrows indicate starting point of extracted outline coordinates (prp). 
Images created in R [27]. AC
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Figure 2: Precision testing results of the photography protocol for a-b) intra-observer and c-d) 
inter-observer. Technical error of measurement (TEM) and relative TEM (rTEM) of the 
harmonic amplitudes are plotted in a) and c). Mean elliptical Fourier reconstruction for a single 
analyst [b) JC] and inter-observer error depicted between two different analysts [d) JC and CS]. 
Plots created in R [27]. AC
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Figure 3: Average skull outline shape comparisons by ancestry group for: a) males and b) 
females. Outlines reconstructed using inverse elliptical Fourier analysis with 40 harmonics. 
Plots created in R [27]. AC
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Figure 4: Average skull outline comparisons by sex for: a-b) Black American, c-d) Thai, and 
e-f) White American groups. Displayed both with and without size normalization. Outlines 
reconstructed using inverse elliptical Fourier analysis with 40 harmonics. Plots created in R 
[27]. 
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Figure 5: Out-of-group validation test results. Plot of the first two discriminant functions for 
lateral skull outlines with size information retained for all seven groups separated by ancestry 
and sex. Ellipses represent 90 % confidence intervals based on the reference dataset. Plot 
created in R [27]. 
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Figure 6: Out-of-group validation test results. Plot of the first two discriminant functions for 
lateral cranial outlines with size information retained for all seven groups separated by ancestry 
and sex. Ellipses represent 90 % confidence intervals based on the reference dataset. Plot 
created in R [27]. 
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Table 1: Skeletal samples used for the current study. 
Group 
Sample 
Collection Size (n) Mean Age ± SD (years) 
Black American 
Female 
HTH 38 31 ± 13 
TAC 47 38 ± 11 
 WBD 2 39 ± 21 
 Subtotal 87 36 ± 15 
Black American 
Male 
HTH 48 33 ± 11 
TAC 49 40 ± 12 
 WBD 12 44 ± 12 
 Subtotal 109 39 ± 12 
White American 
Female 
HTH 41 39 ± 12 
TAC 18 46 ± 12 
 WBD 38 53 ± 13 
 Subtotal 97 46 ± 12 
White American 
Male 
HTH 45 44 ± 12 
TAC 42 50 ± 8 
 WBD 47 49 ± 14 
 Subtotal 134 48 ± 11 
Japanese Male CBC 59 40 ± 12 
Thai Female KKC 39 55 ± 11 
Thai Male  47 57 ± 16 
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Table 2: Differences in scale between the baseline photograph and each 
collection. Those in bold italic font (% difference > 1.5) were 
subsequently rescaled/calibrated to scale size of 150 mm as described 
in Materials and Methods. 
Collection 
Measurement of 
150 mm Scale 
Difference from Baseline 
mm % 
CBC 152.12 2.12 1.39 
HTH 150.86 0.86 0.57 
KKC 154.05 4.05 2.63 
TAC 154.92 4.92 3.18 
WBD 154.66 4.66 3.01 
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Table 3: Summary of recovery and identification details for DPAA out-of-group validation 
test sample. 
Specimen Code Recovery Location Lines of Evidence Contributing to Identification 
01 USS Oklahoma DNA; dental 
02 USS Oklahoma DNA; dental 
03 USS Oklahoma DNA; dental 
04 USS Oklahoma DNA; dental 
05 Korean War DNA; dental; CXR; anthropology 
06 Korean War DNA; dental; CXR 
07 Korean War DNA; dental; CXR 
08 Korean War DNA; dental; CXR; anthropology 
09 Korean War DNA; dental 
CXR = chest radiograph comparison. 
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Table 4: Classification rates for all seven separate ancestry and sex groups using original size skull data. 
Bold indicates correct classifications. 
Group 
 Sample Sizes (n)  Classification Summary  % 
Correct  Training Set Test Set  BF BM JM TF TM WF WM  
BF  69 18  16 - - - - 2 -  89 
BM  87 22  3 12 6 - - - 1  55 
JM  47 12  - 1 8 - 2 1 -  67 
TF  31 8  - - - 5 3 - -  63 
TM  37 10  - - 1 2 7 - -  70 
WF  77 20  1 - - 1 - 14 4  70 
WM  107 27  - - 1 - 1 2 23  85 
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Table 5: Mahalanobis square distances (𝐷𝑐
2) corrected for sample sizes for ancestry and sex 
groupings with original size skull data; tested for significance using F-tests; all distances 
significant at P<0.01 (Holm-corrected P-values). 
 BF BM JM TF TM WF WM 
BF -       
BM 3.15 -      
JM 7.37 4.84 -     
TF 9.79 14.89 10.42 -    
TM 10.56 10.09 4.99 2.54 -   
WF 7.95 9.69 8.33 8.80 8.87 -  
WM 14.38 8.69 7.86 16.65 10.40 5.06 - 
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Table 6: Classification rates for the skull outline data with size retained. Bold indicates correct 
classifications. 
Group 
 Sample Sizes (n)  Classification Summary  
% 
Correct  
Training 
Set 
Test Set  BF BM WF WM  
BF  70 17  14 2 1 -  82 
BM  88 21  4 14 1 2  67 
WF  78 19  - - 17 2  89 
WM  108 26  - 1 5 20  77 
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Table 7: Classification rates for Black and White American samples using original 
size skull data. Ancestry estimation with sex pooled is detailed first, followed by 
sex estimation for each subgroup. Bold indicates correct classifications. 
Group 
 Sample Sizes (n)  Classification Summary  % 
Correct  Training Set Test Set  B W  
B  157 39  38 1  97 
W  185 46  4 42  91 
     F M   
BF  70 17  15 2  88 
BM  88 21  4 17  81 
WF  78 19  16 3  84 
WM  107 27  5 22  81 
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Table 8: Classification rates for all seven separated sex and ancestry groups 
using original size cranium data. Training and test sample sizes are listed in 
Table 4. Bold indicates correct classifications. 
Group 
 Classification Summary  % 
Correct  BF BM JM TF TM WF WM  
BF  15 1 - - - 2 -  83 
BM  1 14 4 - - - 3  64 
JM  - - 8 - 3 1 -  67 
TF  - - - 4 3 1 -  50 
TM  - - 1 1 7 - 1  70 
WF  1 - - 1 - 15 3  75 
WM  - - 2 - - 3 22  81 
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Table 9: 𝐷𝑐
2 values corrected for sample sizes for ancestry and sex groupings with original size 
cranium data (below diagonal). Values above the diagonal represent the 𝐷𝑐
2 obtained using 
original size skull data subtracted from the original size cranium 𝐷𝑐
2. 𝐷𝑐
2 values tested for 
significance using F-tests; all distances significant at P<0.01 (Holm-corrected P-values). 
  BF BM JM TF TM WF WM 
BF - -0.42 -1.29 0.37 -0.39 -0.53 0.76 
BM 2.73 - -1.65 0.67 -0.52 -2.03 0.14 
JM 6.08 3.19 - 0.85 -0.23 -1.88 -0.75 
TF 10.16 15.56 11.27 - 0.26 0.09 2.03 
TM 10.17 9.57 4.76 2.80 - -1.61 0.00 
WF 7.42 7.66 6.44 8.89 7.26 - -0.86 
WM 15.14 8.82 7.11 18.68 10.40 4.20 - 
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Table 10: Classification results for validation sample skull outline data with a comparison of 
all seven separate ancestry and sex groups. 
a Actual group results: Mahalanobis2 Distance = 19.09; Posterior Probability = 0.072; Typicality 
Probability = 0.086 
  
Sample 
ID 
Actual Group 
Membership 
 Predicted Group Membership 
 
Group 
Mahalanobis2 
Distance 
Posterior 
Probability 
Typicality 
Probability 
01 WM  WM 7.69 0.689 0.809 
02 WM  WM 13.04 0.888 0.366 
03 WM  WM 27.80 0.828 0.006 
04 WM  WFa 13.98 0.925 0.302 
05 WM  WM 6.64 0.782 0.880 
06 WM  WM 10.50 0.624 0.572 
07 WM  WM 12.85 0.791 0.380 
08 WM  WM 14.02 0.805 0.299 
09 WM  WM 6.81 0.979 0.870 
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Table 11: Classification results for validation sample cranial outline data with a comparison 
of all seven separate ancestry and sex groups. 
a Actual group results: Mahalanobis2 Distance = 5.86; Posterior Probability = 0.350; Typicality 
Probability = 0.827 
 
 
Sample 
ID 
Actual Group 
Membership 
 Predicted Group Membership 
 
Group 
Mahalanobis2 
Distance 
Posterior 
Probability 
Typicality 
Probability 
01 WM  WM 10.58 0.684 0.391 
02 WM  WM 11.92 0.969 0.290 
03 WM  WM 8.17 0.413 0.612 
04 WM  WM 5.59 0.700 0.848 
05 WM  WM 6.19 0.336 0.799 
06 WM  WFa 4.70 0.625 0.910 
07 WM  WM 12.29 0.935 0.266 
08 WM  WM 7.73 0.962 0.656 
09 WM  WM 2.85 0.861 0.985 
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